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Precise Mapping of RNA Tertiary Structure via Nanometer Distance
Measurements with Double Electron-Electron Resonance (DEER)
Spectroscopy
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Angeles, Los Angeles, CA, USA, 3University of Alabama, Tuscaloosa,
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Dynamic RNA structural changes are critical in biology, and a continuing chal-
lenge is to develop methods for precision mapping of these structures. Inter-la-
bel distance measurements by DEER (Double-Electron Electron Resonance)
spectroscopy in conjunction with side-directed RNA spin labeling provide pre-
cise nanoscale structural constraints for biomolecules. This technique has been
demonstrated in helical and hairpin RNAs, but has rarely been applied to com-
plex RNA structures. We have used DEER to monitor a large-scale Mg2þ-trig-
gered RNA folding transition in the Hammerhead ribozyme, a three-helix
junction motif that undergoes an inactive-to-active structural change upon
addition of Mg2þ. A distinct increase in the population of ribozymes is ob-
served with a short inter-label distance with increasing [Mg2þ]. The measured
inter-label distance is remarkably consistent with models generated from static
crystal structures when it is assumed that the spin labels preferentially localize
near to the RNA minor grooves. Data from labels located close to the catalytic
core of the ribozyme will probe a putative local structural change in this RNA
that may be linked to its catalytic activity. The DEER technique described here
can be applied to predict folding of other functional RNA molecules, including
those found in complex RNA-protein complexes.
1. Kim, N.-K.; Bowman, M.K.; DeRose, V.J. ‘‘Precise Mapping of RNA
Tertiary Structure via Nanometer Distance Measurements with Double
Electron-Electron Resonance Spectroscopy (DEER) Spectroscopy’’ J. Amer.
Chem. Soc. 2010, 132, 8882-8884.
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Riboswitches are naturally-occurring genetic elements that regulate gene ex-
pression usually by binding to specific cellular metabolites. They are composed
of two modular domains that correspond to the aptamer and the expression plat-
form. The aptamer domain is the most conserved region of the riboswitch as it
involved in the specific recognition of the ligand. The expression platform is
less conserved and can vary to a high degree in its structure given that it regulates
at various biological levels, such as transcription, translation and splicing. Using
single-molecule FRET togetherwith a combination of biochemical and biophys-
ical assays, we have studied the relationship between aptamer structure, folding
and activity in twomembers of the riboswitch family: the S-adenosylmethionine
(SAM) and the adenine riboswitch (A-box).We will propose a folding pathway
for each riboswitch aptamer in the presence and absence of their cognate metab-
olite and we will demonstrate that the role played by the ligand is fundamentally
different in both riboswitch classes. For the adenine aptamer, ligand recognition
induces only very subtle changes in the folding dynamics and the local architec-
ture of the binding site. On the contrary, binding of the SAM ligand controls the
final organization of the SAMaptamer promotingmajor conformational changes
in the aptamer architecture. Our findings provide experimental evidences for
a classification of riboswitches according to the degree in which ligand-recogni-
tion events control the aptamer folding pathway.
3-Subg
Insights Into the Dynamic Personalities of Synthetic Riboswitches
by NMR-Spectroscopy
Jens Woehnert, Elke Duchardt-Ferner, Sina R. Schmidtke,
Amir H. Nasiri, Julia E. Weigand, Beatrix Suess.
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Riboswitches are novel gene regulatory elements found in the 5’- and 3’-un-
translated regions of mRNAs. They regulate gene expression upon direct and
specific interaction with small molecule ligands. In most riboswitches ligand
binding triggers conformational changes on the secondary and/or tertiary struc-
ture level which result in changes in gene expression levels. While a lot is
known about the structural basis for ligand recognition by riboswitch domains
the conformational dynamics of riboswitches which are central to their function
is less explored. NMR-spectroscopy in solution is well suited for investigating
dynamical systems and for characterising conformational changes. We appliedNMR-spectroscopy to two smaller synthetic riboswitches to characterize in de-
tail their conformational dynamics in relation to their regulatory functions.
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So far our view of protein function is formed, to a significant extent, by tradi-
tional structure determination showing many beautiful static protein structures.
Recent experiments by single-molecule and other techniques have questioned
the idea that proteins and other biomolecules are static structures. We used
multi-parameter fluorescence detection (MFD) to perform smFRET studies
of free diffusing biomolecules. We demonstrate that the simultaneous acquisi-
tion of most fluorescent parameters by MFD allows for a robust assessment of
all possible artefacts involved in single-molecules FRET and offers unsur-
passed capabilities regarding the identification and analysis of individual spe-
cies present in population of molecules [1]. A toolbox is introduced in order
to demonstrate how complications originating from orientation, mobility and
position of fluorophores and conformational dynamics [2] have to be taken
into account when determining FRET related distances with high accuracy. Al-
though static structures are known for many biomolecules, the functions of bio-
molecules are governed ultimately by their dynamic character. In this view we
give various examples of smFRET experiments of DNA- and RNA-junctions.
Their Mg-dependent structural dynamics is studied in detail. These studies
show that smFRET studies are valuable tool to complement the structural
and dynamic information obtained by X-ray crystallography or NMR spectros-
copy.
[1] Sisamakis, E., Valeri, A., Kalinin, S., Rothwell, P. J., Seidel, C. A. M.;
Accurate single-molecule FRET studies using multiparameter fluorescence
detection. Methods in Enzymology 475 (Single Molecule Methods, Part B:
Multiparameter, super-resolution, tethering, and force based methods, Ed.
Nils Walter) Chapter 18, 455-514 (2010).
[2] Kalinin, S., Valeri A., Antonik M., Felekyan, S., Seidel, C. A. M.; Detec-
tion of structural dynamics by FRET: A photon distribution and fluorescence
lifetime analysis of systems with multiple states. J. Phys. Chem. B. 114,
7983-7995 (2010).
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Chuanying Chen, B.M. Pettitt.
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Our understanding of both nonspecific and specific protein-DNA interaction
mechanisms raise questions related to the nature of the transient encounter
states, and the structural and energetic features of the protein-DNA binding
process. Here we have used the nuclease domain of colicin E7 (N-ColE7)
from E. coli to complex with a 12-bp DNA as the model system to draw a pic-
ture of how a protein approaches, encounters and associates with DNA. Multi-
scale studies using Molecular Dynamics (MD) and Brownian Dynamics (BD)
simulations were performed to provide the binding process on multiple length
and timescales. We characterize the encounter states and identify the spatial
and orientational aspects required for the association by BD simulations. At
the atomic length-scales, we investigated the binding process by MD simula-
tions. Several intermediate binding states, which have different positions and
orientations of protein around DNA in the initial structures are postulated
from the MD trajectories. The results facilitate better understanding of se-
quence-independent protein-DNA binding landscapes and suggest pathways
with favorable intermediate binding states common to both specific and non-
specific complexes.
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Nucleic acids are central to the storage, transmission, and control of genetic in-
formation. Their cellular function is dependent not only on sequence, but also
on their three-dimensional shape, mechanical properties, and conformational
dynamics. Here, we discuss three recent developments that have provided
unique insights into these important aspects of DNA and RNA functions.
Firstly, small-angle X-ray scattering (SAXS) is emerging as an important tool
to study RNA structure. We have demonstrated that SAXS can provide ab initio
low-resolution 3D models of RNAs [1]. By taking into account prior
2a Saturday, March 5, 2011information, we have succeeded to build an atomistic model of the VS ribo-
zyme from SAXS data [2]. A particular strength of SAXS as a solution tech-
nique is that conformations under different solution conditions can be
explored. We have dissected the conformations of the glycine riboswitch [3]
and of a TPT riboswitch [4] in the absence and presence of Mg2þ required
for folding and in the absence of presence of the functional ligands.
Secondly, the highly negatively charged backbone of nucleic acids presents an
important barrier to folding and packing and makes these processes strongly de-
pendent on counterions. We show that low and intermediate resolution models
derived from SAXS in combination with computational modeling can provide
a rigorous framework to understand RNA-ion interactions and to distinguish
the effects of electrostatic relaxation and specific ion binding [5].
Finally, I will describe how single-molecule experiments can present an com-
plementary window to study the (salt-dependent) mechanical properties of dou-
ble stranded DNA and RNA [6].
[1] Lipfert, et al., JAC (2007)
[2] Lipfert, Ouellet, et al., Structure (2008)
[3] Lipfert, et al. JMB (2007)
[4] Ali, et al. JMB (2010)
[5] Lipfert, Sim, et al. RNA (2010)
[6] Lipfert, et al. Nature Methods, in press
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Olav Schiemann.
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Pulsed Electron-Electron Double Resonance (PELDOR or DEER) is an Elec-
tron Paramagnetic Resonance (EPR) method by which distance can be mea-
sured very precisely in the range from ~1-8nm1. As Fluorescence methods,
PELDOR usually requires labels but which are considerable smaller and rigid2
making a translation of distance into structure easier.
To overcome challenging label synthesis, we introduce the next generation of
labels for DNA/RNA which make use of non-covalent binding. We can show
that the specificity and strength of binding is large enough to yield high-quality
PELDOR data yielding not only distances but also information on orientations
and dynamics. This non-covalent labelling concept proves also successful for
the study of protein binding and concomitant oligonucleotide bending.
Labeling the helicases Hel308 and PcrA, we have been able to resolve the ATP,
ADP, and DNA induced conformational switching of these molecular motors.
This clearly shows that PELDOR does not only provide mere distances but ac-
cess to orientations, dynamics and changes between conformational states of
large oligonucleotide/protein complexes difficult to access otherwise.
1) O. Schiemann, T.F. Prisner Quart. Rev. Biophys. 2007, 40, 1.
2) O. Schiemann, P. Cekan, D. Margraf, T.F. Prisner, S.T. Sigurdsson Angew.
Chem. 2009, 121, 3342.
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Valdur Saks1, Mayis Aliev2, Kersti Tepp3, Minna Karu-Varikmaa3,
Vladimir Chekulaev3, Igor Chevchuk3, Tuuli Kaambre3, Rita Guzun1.
1J.Fourier University, Grenoble, France, 2Cardiology Research Center,
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Quantitative analysis, in combination with detailed experimental studies, is the
basis of Molecular System Bioenergetics (MSB) which takes into account spe-
cific interactions between cellular components, formation of metabolic dissipa-
tive structures and resulting system level properties such as metabolic
compartmentation. There are several experimental and theoretical approaches
used: studies in vivo kinetics of mitochondrial respiration regulation; Metabolic
Control Analysis of integrated energy metabolism; mathematical modeling.
Cardiac cells are characterized by high level of structural organization with
very regular arrangement of mitochondria and their interaction with cytoskel-
eton. Heterodimeric tubulin containing beta II isoform is connected to mito-
chondrial outer membrane, specifically controls VDAC permeability and is
coexpressed with mitochondrial creatine kinase. These proteins form with
ATP Synthasome a supercomplex Mitochondrial Interactosome (MI) in which
the kinetics of regulation of respiration byMtCK is significantly altered in com-
parison with mitochondria in vitro affinity for extramitochondrial ATP is
strongly decreased due to limited permeability of VDAC but for creatine in-
creased. Metabolic Control Analysis of reactions in MI showed that flux control
coefficients are significantly increased for reactions of ADP/ATP recycling
coupled with phosphocreatine production by MtCK. These experimental dataare the basis of the mathematical model of compartmentalized energy transfer
and show that about 90 % of energy is carried out of mitochondria by phospho-
creatine due to specific structure of MI. This model explains well the metabolic
aspects of Frank -Starling law of the heart. In cancerous HL1 cells of cardiac
phenotype MtCK and beta II tubulin are not expressed. Mathematical models
based on the theory of homogenous intracellular medium and CK equilibrium
do not explain adequately the experimental observations. In future develop-
ment, application of single-molecule enzyme kinetics and theory of nonlinear
biochemical reaction networks is necessary.
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Tethered Diffusion and Strain-Dependent Gating in Kinesin-2 Motors
William O. Hancock.
Pennsylvania State University, University Park, PA, USA.
Kinesin-2 motors carry out a number of transport roles in cells, including intra-
flagellar transport, melanosome dispersion, and axonal transport. In almost all
cases, cargo transported by Kinesin-2 motors also have dynein attached, and the
cargo display bidirectional movement. To understand the properties of Kinesin-
2 motors that underlie its diverse transport roles, we are investigating wild-type
and mutant mouse KIF3A/B motors. The flexible neck linker domain of Kine-
sin-2 is 17 residues long, compared to only 14 residues for Kinesin-1. Shorten-
ing the Kinesin-2 neck linker enhances processivity and lengthening the
Kinesin-1 neck linker reduces processivity in a single-molecule fluorescence
assay. From stochastic simulations of the kinesin chemomechanical cycle,
these processivity differences are consistent with the hypothesis that enhancing
the compliance of the neck linker domain reduces the force-dependent head-
head coordination that underlies processive kinesin stepping. Interestingly, be-
cause kinesin stepping involves tethered diffusion of the free head to the next
binding site, lengthening the neck linker is expected to enhance this diffusional
search and thus increase processivity; however this appears not to be the case.
The force-dependencies of motor velocity and processivity were also measured
using an optical tweezer in force-clamped mode. Interestingly, while the speed
of Kinesin-2 stepping is affected less by force than Kinesin-1, under resisting
loads Kinesin-2 processivity drops steeply. This suggests that in a tug-of-war
with dynein, Kinesin-2 leads to enhanced dynamics of bidirectional switching.
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Dynamics of Myosin-X in Filopodia
Richard E. Cheney.
UNC Chapel Hill, Chapel Hill, NC, USA.
Myosin-X (Myo10) is an unconventional myosin that localizes to the tips of fi-
lopodia, has potent filopodia inducing activity, and is also required for proper
spindle orientation. The Myo10 heavy chain consists of a myosin motor do-
main, 3 IQ motifs, and a complex tail that includes an alpha helical region, 3
PH domains, a MyTH4 domain, and a FERM domain. One of the PH domains
binds to the important signaling lipid PIP3, the MyTH4 domain can bind to mi-
crotubules, and the FERM domain can bind to the cytoplasmic domain of B-in-
tegrins. We have previously used conventional fluorescence imaging to show
that bright puncta of GFP-Myo10 undergo forward movements in filopodia
at ~80 nm/s as well as rearward movement at the retrograde flow rate of
~20 nm/s. Using Total Internal Reflection Fluorescence (TIRF) microscope,
we can now detect extremely faint particles of GFP-Myo10 that move in a rapid
(578 þ/174 nm/s) and directed fashion to the tip of a filopodium. These par-
ticles appear to be at or near the single molecule level and their movements sug-
gest that Myo10 functions as a motor for an intrafilopodial transport system.
Similar movements are observed for two other proteins that localize to the
tips of filopodia, GFP-VASP, and GFP-mDia2. Interestingly, faint particles
of GFP-Myo5a exhibit similar movements, although at a slower velocity
(~250 nm/s). The rapid movements of GFP-Myo10 in filopodia indicate the ex-
istence of a novel form of directed transport at or near the single molecule level.
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We have studied the bulk alignment of actin filament sliding movement,
driven by randomly oriented myosin molecules. We performed conventional,
actin filament gliding assays, but using micromolar concentrations of actin
which are roughly 100,000,000 times greater than normally used in such as-
says, but close to the concentration of actin found in living cells. Under these
conditions, actin filament movement takes up a preferred orientation. The ori-
ented patterns of movement extend over a length scale of ~100 micrometres,
